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Partial Maintenance and Long-Term Expansion of
Murine Skin Epithelial Stem Cells by Wnt-3a In Vitro
Yukiteru Ouji1,2, Shigeaki Ishizaka2, Fukumi Nakamura-Uchiyama1, Daisuke Okuzaki3 and
Masahide Yoshikawa1,2
CD49fþCD34þ cells, a skin epithelial stem cell (EpSC)-rich population, were prepared from adult mouse skin and
cultured in the presence of Wnt-3a without feeder cells. CD34 expression was retained in about 10% of the cells,
which had proliferated about 1,000-fold by day 10, although completely lost by day 14. CD49fþCD34þ cells sorted
on day 10 retained canonical Wnt-responsiveness, proliferated markedly in the presence of Wnt-3a, maintained
undifferentiated epithelial cell marker expression, and promoted hair follicle development in vivo. Those were
subjected to a second 10-day culture with Wnt-3a and sorted, and then the same procedures were repeated a
total of 15 times. CD49fþCD34þ cells obtained from each of those cultures retained the same EpSC
characteristics as the original cells. CD34þ and CD34 cells were found to produce Wnt-3a and Wnt/b-catenin
inhibitors, respectively. CD34þ cells resided as small cellular clusters surrounded by a large amount of CD34
cells. Furthermore, we found that exogenous Wnt-3a delayed the conversion of CD34þ cells to CD34 cells and
induced CD34 cells to suppress the production of Wnt/b-catenin inhibitors, likely leading to generation of a
microenvironment favorable for maintaining EpSCs. Our results suggest the possibility of partial long-term
maintenance of EpSCs in vitro by Wnt-3a.
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INTRODUCTION
Recently, the cell surface protein CD34 was shown to be
uniquely expressed on stem cells in the mouse hair follicle
bulge region (HFSCs). Furthermore, a method for isolation of
living skin epithelial stem cells (EpSCs) from adult mouse-
derived primary skin epithelial cells (MPSECs) was established
using FACS with two selective surface markers, CD49f (a6
integrin) and CD34 (Trempus et al., 2003; Blanpain et al.,
2004). That resultant CD49fþCD34þ population is con-
sidered to be an EpSC-rich fraction composed of HFSCs
(Supplementary Figure S1 online).
Although successful serial passaged cultures of EpSCs using
3T3 fibroblast feeder cells have been reported (Blanpain et al.,
2004; Lien et al., 2014), their long-term maintenance without
feeder cells has yet to be shown. Here, we present our findings
showing maintenance of EpSCs in vitro without feeder cells for
a prolonged period (at least 150 days) using Wnt-3a and
FACS. As a possible mechanism for retaining EpSC charac-
teristics in repeated cultures, we found that Wnt-3a delays
the conversion of CD34þ cells to CD34 cells and also
has effects on CD34 cells to suppress their production of
Wnt/b-catenin inhibitors, leading to generation of a micro-
environment fairly but not completely favorable for main-
taining EpSCs.
RESULTS
Characterization of CD49fþCD34þ cells isolated from mouse
skin
CD49fþCD34þ cells were isolated from MPSECs using flow
cytometry (abbreviated as 0p-EpSCs; Figure 1a). 0p-EpSCs
comprised 10–12% of total MPSECs and were cuboid in shape
after attachment to a culture plate in a bright microscopic field
(Figure 1b). Immunocytochemistry findings confirmed that all
of the cells were immunopositive for both CD34 and CD49f,
as well as the transcription factor Lhx2 (Figure 1c). Plated
single cells began to show proliferation at 24 hours after
plating and formed small colonies composed of tightly packed
cuboid cells by day 5 (Figure 1d). Immunocytochemical
findings obtained on day 5 showed CD34-positive cells in
the center of the colonies, whereas those on the margin
tended to have no CD34 expression (Figure 1e). Reverse
transcriptase–PCR analysis of freshly isolated 0p-EpSCs
demonstrated the expressions of Lhx2, Keratin15, Sox9,
S100a6, NFATc1, and Keratin 5, all of which are known
as HFSC-related markers (Greco et al., 2009; Figure 1f).
In contrast, there was no expression of markers for
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Figure 1. Characterization of CD49fþCD34þ cells isolated from mouse-derived primary skin epithelial cells (MPSECs). (a) The CD49fþCD34þ population
was isolated from MPSECs as 0p-EpSCs (blue square). (b, c) 0p-EpSCs were cuboid in shape after attachment and immunopositive for Lhx2. Bar¼ 20mm.
(d, e) 0p-EpSCs began proliferation at 24 hours after plating and formed small colonies composed of tightly packed cuboid cells by day 5. Cells in the center of the
colony were strongly positive, whereas those located at the margin were weakly positive or nearly negative for CD34. Bar¼ 20mm. (f) Reverse transcriptase–PCR
analysis of 0p-EpSCs showed expression of undifferentiated epithelial cell markers. Uncropped full-length gel images are presented in Supplementary Figure S2
online. (g) Most of the 0p-EpSCs expressed Lgr4, Lgr5, and Lgr6. (h) 0p-EpSCs induced hair reconstitution following co-transplantation with dermal fibroblasts. Hair
pigmentation was likely caused by contamination of melanocytes in the cell fraction of dermal fibroblasts. DAPI, 4,6-diamidino-2-phenylindole.
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differentiated epithelial cells, such as Keratin 1, Keratin 2,
Loricrin, and mHa5 and mHb5. In addition, 0p-EpSCs
expressed the leucine-rich repeat-containing G-protein-
coupled receptor (Lgr), which was recently demonstrated to
be expressed
on the surface of EpSCs (Haegebarth and Clevers, 2009;
Figure 1g). Furthermore, we confirmed that only cells from
the CD49fþCD34þ population and not those from any other
population examined in the present study were able to
promote hair follicle development and hair growth in recon-
stituted skin of Balb/c nude mice (Figure 1h). These results
strongly suggest that among the present MPSECs, the CD49fþ
CD34þ population was an EpSC-rich fraction.
Remaining CD49fþCD34þ cells in first culture with Wnt-3a
0p-EpSCs were cultured for 10 days with medium alone
(None), COS-conditioned medium (COS-CM), Wnt-3a, Wnt-
5a, Wnt-10b, or Wnt-11 (Figure 2a). Holoclone colonies were
observed only in the cultures with Wnt-3a (Figure 2a–c),
whereas no or few holoclone colony formations were seen in
cultures with the other Wnts (Figure 2c). Each colony in
cultures with added Wnt-3a was composed of tightly prolif-
erated cuboid-shaped epithelial cells, and the total cell
number was increased by about 1,000-fold at the end of the
10-day culture (Figure 2d). In contrast to Wnt-3a, Wnt-10b
suppressed cell proliferation, whereas Wnt-5a and Wnt-11
had scant effects on proliferation as compared with medium
alone. Approximately 8–10% of total cells obtained at the end
of the first 10-day culture were CD49fþCD34þ , whereas no
or few CD49fþCD34þ cells were found in the other cultures
with Epilife (None), COS-CM, Wnt-5a, Wnt-10b, or Wnt-11
(Figure 2e and Supplementary Figure S4 online). In addition,
the HFSC-related markers Lhx2, Keratin15, Sox9, S100a6,
NFATc1, and Keratin 5 were expressed by cells cultured with
Wnt-3a (Figure 2f). In contrast, expression of markers for
differentiated epithelial cells including Keratin 1, Keratin 2,
Loricrin, mHa5, and mHb5 was confirmed in cells cultured
with Wnt-10b, as reported in our previous study (Ouji et al.,
2010). These results were supported by immunocytochemical
findings, which revealed the expressions of Lhx2 and
keratin15 in cells cultured with Wnt-3a, and of loricrin and
AE15, markers for differentiated epithelial cells, in cells
cultured with Wnt-10b (Figure 2g).
We also found that the CD49fþCD34þ population was
dependent on Wnt-3a, because a lower dose of Wnt-3a
resulted in a decrease in the size of the CD49fþCD34þ
population and an addition of Dkk-1 to cultures with Wnt-3a
led to its disappearance (Figure 2h). CD49fþCD34þ cells
sorted from the primary culture with Wnt-3a were termed 1p-
EpSCs, with Lgr4, Lgr5, and Lgr6 shown to be expressed in
more than 75% of those cells, similar to 0p-EpSCs (Figure 2i).
Furthermore, 1p-EpSCs were shown to possess canonical Wnt-
responsiveness in a TOPFLASH reporter assay (Figure 2j).
Long-term maintenance of CD49fþCD34þ population by Wnt-
3a in sequential cultures
CD49fþCD34þ cells were collected from the cultures using
FACS and subjected to another 10-day culture with Wnt-3a.
By repeating this process, sequential cultures were performed
up to the 15 10-day cultures. We examined whether
the CD49fþCD34þ population was maintained during
these sequential 10-day cultures in the presence of Wnt-3a
(Figure 3a). Representative results obtained from experiments
in which 2p-EpSCs and 15p-EpSCs were used are presented as
figures (Figures 3b–h and 4a). At the end of every 10-day
culture with Wnt-3a, approximately 8–10% of the total
number were CD49fþCD34þ cells (Supplementary Figure
S6 online), whereas there were few CD49fþCD34þ cells in
cultures lacking Wnt-3a. Furthermore, addition of Dkk-1 to
the cultures with Wnt-3a resulted in disappearance of the
CD49fþCD34þ population (Figure 3c), as also seen with 0p-
EpSCs, indicating the requirement of Wnt-3a for maintenance
of the CD49fþCD34þ population in sequential cultures.
Sustained EpSC characteristics in CD49fþCD34þ cells
maintained in vitro
EpSCs from the passaged cultures, including 2p-EpSCs and
15p-EpSCs, formed colonies and showed vigorous prolifera-
tion when cultured in the presence of Wnt-3a (Figure 3d and e).
In addition, EpSCs from the passaged cultures retained
canonical Wnt-responsiveness (Figure 3f) and also expressed
HFSC-associated markers, but not markers for differentiated
epithelial cells, as shown by reverse transcriptase–PCR and
cytochemistry findings (Figure 3g and h, respectively). Further-
more, EpSCs from the passaged cultures showed similar
responses to the other Wnts as seen with 0p-EpSCs. Repre-
sentative results of 15p-EpSCs are shown in Supplementary
Figure S8 online.
Biological activity was also maintained in the CD49fþ
CD34þ population during sequential cultures in the presence
of Wnt-3a. EpSCs from the passaged cultures promoted hair
follicle development and hair growth in the reconstituted skin
of Balb/c nude mice (Figure 4a). Those reconstituted hair
follicles and hairs were derived from the transplanted cells, as
they were detected by the anti-H2-Kk antibody against the
major histocompatibility complex of mouse C3H (Figure 4b
and Supplementary Figure S9 online). Immunopositive cells
showing markers for differentiation including loricrin, AE13,
and AE15 were also observed in the reconstituted skin
(Figure 4c). In contrast, the hair follicle inductive property
of 15p-EpSCs was lost after cultivation without Wnt-3a
(Supplementary Figure S10 online). The conserved global
gene expression profiles in EpSCs after sequential cultures
were further confirmed by DNA chip analysis of 0p-EpSCs and
15p-EpSCs (Supplementary Figure S11 online).
Continuous requirement of Wnt-3a for maintenance of
CD49fþCD34þ population
After sorting 0p-EpSCs, we examined the size of the CD49fþ
CD34þ population during the following cultures (Figure 5a).
In the presence of Wnt-3a, the CD49fþCD34þ population
was reduced to approximately 8–10% on day 10. In cultures
with medium alone, the CD49fþCD34þ population was
detected in a manner similar to the cultures with Wnt-3a,
except that it disappeared by day 10. On day 5, about half of
the cells in both medium alone and with added Wnt-3a were
Y Ouji et al.
Skin Epithelial Stem Cells Maintained by Wnt
1600 Journal of Investigative Dermatology (2015), Volume 135
None
Wnt-5a Wnt-10b
COS-CM Wnt-3a
Wnt-11
Wnt-3a 40
30
Co
lo
ny
 n
um
be
r
Ce
ll n
um
be
r (
×1
05
)
20
10
0
N
on
e
W
nt
-C
O
S
W
nt
-3
a
W
nt
-5
a
W
nt
-1
0b
W
nt
-1
1
N
on
e
CO
S-
CM
W
nt
-3
a
W
nt
-5
a
W
nt
-1
0b
W
nt
-1
1
None
None
None Wnt3a Wnt3a+Dkk
200 ng ml–1100 ng ml–1
0.38
0.3
1.91 8.28
0.8
8.8
Wnt-3a
COS-CM Wnt-3a
Wnt-5a
CD
49
f-P
E
CD
49
f-P
E
Co
un
ts
Wnt-10b Wnt-11
5
4
3
2
1
0
*
*
CD34-FITC
CD34-FITC
CD34-FITC
0.33 0.41
8.370.420.23
0.43
Lhx2
0p
-Ep
SC
s
CO
S-C
M
Wn
t-3
a
Wn
t-5
a
Wn
t-1
0b
Wn
t-1
1
Sk
in
No
ne
Keratin 15
Sox9
S100a6
NFATc1
CD34
CD49f
Keratin 5
Keratin 1
Keratin 2
Loricrin
mHa5
mHb5
Gapdh
Wnt-3a Wnt-10bNone
Lhx2
Keratin 15
Loricrin
AE15
N
D
*
*
*
6,000
Lgr6Lgr5Lgr4
Co
un
ts
FOPFLASH
TOPFLASH5,000
4,000
3,000
2,000
1,000
0
No
ne
CO
S-C
M
Wn
t-3
a
Wn
t-1
0b
Lu
c 
/ β
-
ga
l
PE/Cy5
72.9 90.9 72.8
200
160
120
80
40
0
200
160
120
80
40
0
200
160
120
80
40
0
200
160
120
80
40
0
200
160
120
80
40
0
200
160
120
80
40
0
104
104
103
103
102
102
101
101
100
104
103
102
101
100
100 104103102101100
104
103
102
101
100
104103102101100
104
104
103
103
102
102
101
101
100
104
103
102
101
100
100 104103102101100
104
103
102
101
100
104103102101100
104
104
103
103
102
102
101
101
100
104103102101100104103102101100
104103102101100 104103102101100 104103102101100
104103102101100
100
104
104
103
103
102
102
101
101
100
100
104
104
103
103
102
102
101
101
100
100
* *
Figure 2. Proliferation and maintenance of CD49fþCD34þ cells by Wnt-3a. (a, b) In the presence of Wnt-3a, single 0p-EpSCs proliferated and formed colonies.
Asterisks indicate identical areas. (c) Prominent colony formation was observed in the culture with Wnt-3a on day 10. *Po0.05. (d) Cell proliferation was assessed
by determining cell number on day 10. *Po0.05. (e–g) FACS (e), reverse transcriptase–PCR (RT-PCR) (f), and immunocytochemistry (g) analyses of cells at the end
of the first culture. Uncropped full-length gel images used for RT-PCR analysis are presented in Supplementary Figure S5 online. (h) Maintenance of the
CD49fþCD34þ population was dependent on Wnt-3a. (i) Most of the 1p-EpSCs expressed lgr4, lgr5, and lgr6. (j) Canonical Wnt-responsiveness was maintained
in 1p-EpSCs. ND, not determined.
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Figure 3. Long-term maintenance of CD49fþCD34þ population by Wnt-3a in sequential cultures. (a) Repeated cultures of CD49fþCD34þ cells. We used the
number of passages to express CD49fþCD34þ cells from sequential cultures. (b) CD49fþCD34þ cells comprised approximately 8–10% of all cells. (c)
Maintenance of the CD49fþCD34þ population was dependent on Wnt-3a. (d, e) 2p-EpSCs and 15p-EpSCs were cultured in the presence or absence of Wnt-3a for
10 days. Microscopic images obtained on day 10 (d) and the numbers of cells during the cultures (e) are shown. (f) 2p-EpSCs and 15p-EpSCs retained canonical
Wnt-responsiveness. *Po0.05. (g) Reverse transcriptase–PCR analysis. Uncropped full-length gel images are presented in Supplementary Figure S7 online. (h)
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3a. MPSEC, mouse-derived primary skin epithelial cell.
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CD49fþCD34þ . However, real-time PCR findings demon-
strated that there was nearly no expression of Lhx2, K15, or
Sox9 in cells cultured in medium alone on day 5 (Figure 5b,
shown as Wnt ( )). We also examined how withdrawal of
Wnt-3a for a short period during the culture period affected
the size of the CD49fþCD34þ population on day 10
(Figure 5c). Withdrawal for only 2 days resulted in disappear-
ance of the CD49fþCD34þ population. These results indicate
the continuous requirement of Wnt-3a in the culture for
maintenance of the CD49fþCD34þ population.
CD34þ cells produce Wnt-3a and CD34 cells produce
Wnt/b-catenin inhibitors
Most of the cells differentiated into CD34 cells even in the
presence of Wnt-3a as the result of default differentiation.
Although the precise mechanisms by which EpSCs are main-
tained in the niche in vivo are not thoroughly understood, it is
known that Wnt/b-catenin signaling has a major regulatory
role (Blanpain et al., 2004; Lim et al., 2013; Lien et al., 2014).
We found that CD34þ cells expressed mRNA for Wnt-3a and
secreted Wnt-3a protein, whereas CD34 cells expressed
mRNA for the Wnt/b-catenin inhibitors Dkk-1 and Wif-1 and
secreted Dkk-1 and Wif-1 proteins (Figure 5d). We collected
supernatant samples from CD49fþCD34þ cells cultured
without Wnt-3a on days 1, 2, 4, and 10 (designated as
conditioned medium (CM)) and investigated the effects on
Wnt-responsiveness of 0p-EpSCs using a TOPFLASH assay
(Figure 5e). Exposure to CM from cells cultured for more than
2 days rendered the cells unresponsive to Wnt, whereas CM
from 1-day cultures did not result in complete unresponsive-
ness to Wnt.
The production of Dkk-1 and Wif-1 by CD34 cells was
also confirmed using an immunocytochemical method. On
day 10 of cultures of CD49fþCD34þ cells in the presence of
Wnt-3a, most of the cells lost CD34þ expression and were
immunopositive for Dkk-1 and Wif-1 cells (Figure 5f). CD34þ
cells were detected as small cellular clusters surrounded
by a large amount of CD34 cells producing Wnt/b-catenin
inhibitors.
Possible mechanisms for retaining EpSC characteristics in
repeated cultures
We also examined the effects of Wnt-3a on mRNA expres-
sions of Wif-1 and Dkk-1 (Figure 6a). Although the expressions
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of Wif-1 and Dkk-1 were increased, the magnitude of increase
was suppressed when cultured in the presence of Wnt-3a.
These results suggested that the supernatants of the CD49fþ
CD34þ cell cultures without Wnt-3a contained Wif-1 and
Dkk-1 proteins at higher concentrations as compared with
those with Wnt-3a. We then performed a TOPFLASH assay
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using a neutralizing antibody against Dkk-1 (Figure 6b).
Addition of the anti-Dkk-1 antibody to the assay cultures led
to partial restoration of TOPFLASH activity, which strongly
suggested that the CM contained bioactive molecules that
inhibited Wnt/b-catenin signaling including Dkk-1.
DISCUSSION
It has been reported that EpSCs can be maintained when
cultured on feeder fibroblast cells without addition of soluble
factors (Trempus et al., 2003; Blanpain et al., 2004; Trempus
et al., 2007; Lien et al., 2014). In fact, Wnt-3a was found to be
not expressed in several types of fibroblast cells used as feeder
cells (Supplementary Figure S13 online). Therefore, we con-
sidered that development of a culture method without using
feeder cells is necessary to evaluate the roles of Wnts
(Tiedemann et al., 2001; Sato et al., 2004; Pinto and
Clevers, 2005; Nusse, 2008; Miki et al., 2011; Lim et al.,
2013; Van Camp et al., 2013) with EpSCs. In the present
study, we investigated the effects of various Wnts (Wnt-3a, 5a,
10b, 11) on murine EpSCs. We believe that the present feeder-
free culture system can be applied to evaluate the roles of
other certain factors such as Shh (Brownell et al., 2011) and
bone morphogenic proteins (Kandyba et al., 2013, 2014).
First, we examined the characteristics of CD49fþCD34þ
cells sorted from MPSECs. As previously reported, we observed
expression of the HFSC-related markers Lhx2, Keratin15,
Sox9, S100a6, NFATc1, Keratin 5, and Lgr proteins (Greco
et al., 2009; Haegebarth and Clevers, 2009). Furthermore,
passaged cells showed an ability to promote hair follicle
development and hair growth in reconstituted skin of Balb/c
nude mice. TOPFLASH assay findings also revealed their
canonical Wnt-responsiveness. On the other hand, the bio-
logical effects of another canonical Wnt, Wnt-10b, were
different in the present assays, as cell proliferation was sup-
pressed by Wnt-10b. In addition, expressions of differentiated
cell markers and disappearance of HFSC-related marker
expression were noted in cultures with Wnt-10b. Although
some differences between Wnts have been reported in regard
to receptor usage (Toyofuku et al., 2000; Ishikawa et al., 2001;
Bennett et al., 2002; Tickenbrock et al., 2005; Yokoyama
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et al., 2007; Kumar et al., 2014) and downstream gene
activation (Mikels and Nusse, 2006; Wawrzak et al., 2007;
Carmon and Loose, 2010; Brun et al., 2013), the exact mech-
anisms that lead to these quite different actions are unknown.
Next, we examined whether the CD49fþCD34þ popula-
tion could be maintained in sequential cultures. In cultures of
0p-EpSCs with Wnt-3a, the fraction of CD49fþCD34þ cells
was decreased to approximately 8–10% of total cells after
showing proliferation of approximately 1,000-fold and the 1p-
EpSCs were found to possess the same characteristics as 0p-
EpSCs, indicating that Wnt-3a may be a self-renewal factor
in vitro. Not only 1p-EpSCs but also every fraction of CD49fþ
CD34þ cells obtained from whole passage cultures with Wnt-
3a including 15p-EpSCs possessed such EpSC characteristics.
The expression of Lgr proteins was also maintained in the 15p-
EpSCs, although seemed to increase as compared with 0p-
EpSCs (Supplementary Figure S14 online). Furthermore, the
global gene expression profiles did not differ between 0p-
EpSCs and 15p-EpSCs (Supplementary Figure S11 online).
These results indicate that EpSCs can be maintained and
passaged in vitro for a long period by the use of Wnt-3a.
Recently, Wnt-3a was reported to expand mammary stem
cells for many generations and maintain their ability to gene-
rate functional glands in transplantation assays (Zeng and
Nusse, 2010). Although the organs from which the present
stem cells were isolated differed, they may be maintained as
epithelial cell–derived stem cells by common Wnt-3a-
mediated mechanisms.
Finally, we examined where and how CD49fþCD34þ cells
were maintained in the cultures with Wnt-3a. It was recently
proposed that the balance of stemness and differentiation of
EpSCs in vivo is regulated via autocrine Wnt and Dkk
signaling (Li and Clevers, 2010; Choi et al., 2013). The
present findings also showed that CD34þ and CD34 cells
produced Wnt-3a and Wnt/b-catenin inhibitors, respectively
(Figure 5d), and that exogenously added Wnt-3a delayed the
conversion of CD34þ cells to CD34 cells (Figure 5a) and
induced CD34 cells to suppress their production of Wnt/b-
catenin inhibitors (Figure 6a). In reconstituted skin, successful
hair induction might be obtained partly by auto-produced
Wnt-3a from EpSCs, because we previously showed that
canonical Wnts including Wnt-3a possess an ability to main-
tain the hair follicle–inducing activity of dermal papilla cells
(Ouji et al., 2013). Furthermore, auto-produced Wnt-3a may
transiently generate a favorable cultural microenvironment to
maintain EpSCs in concert with exogenously added Wnt-3a.
Using immunocytochemistry to evaluate cultures with
Wnt-3a, we found small cellular clusters of CD34þ cells
surrounded by a large amount of CD34 cells producing
Wnt/b-catenin inhibitors. Although b-catenin was found to be
translocated in the nucleus of all CD34 cells, approximately
one-third of the CD34þ cells were null for Wnt/b-catenin
signaling, as shown by a lack of immunopositivity for nuclear
b-catenin (Supplementary Figure S15 online). Recently, in vivo
transcriptional governance of HFSCs by canonical Wnt reg-
ulators was reported (Lien et al., 2014). That report indicated
that b-catenin signaling is dispensable for maintaining HFSCs.
We consider that cultured CD34þ cells, which were shown to
be immunonegative for nuclear b-catenin, might correspond
to quiescent HFSCs in vivo and have postulated a schema of
Wnt-3a activity in culture (Figure 6c).
We speculate that related events in cultures with Wnt-3a
occur as follows. Wnt-responsive CD34þ cells become
activated via Wnt/b-catenin signaling when Wnt-3a is exo-
genously added to the culture, then proliferate while holding
their EpSC characteristics and pass those over to some of the
daughter cells. Subsequent accumulation of Wnt/b-catenin
inhibitors in the culture, produced by an increased population
of CD34 cells from default differentiation, block Wnt/b-
catenin signaling. Some of the CD34þ cells are preferentially
blocked by Wnt/b-catenin inhibitors rather than activated by
Wnt-3a and retained as CD34þ cells not affected by Wnt/b-
catenin signaling, a process that may correspond to quiescent
HFSCs.
In conclusion, CD49fþCD34þ cells were prepared as
EpSCs from the dorsal skin of adult C3H mice, and in vitro
maintenance and expansion of EpSCs were investigated. By
adding Wnt-3a to the cultures and then sorting CD49fþ
CD34þ cells, EpSCs were successfully maintained for several
passages.
MATERIALS AND METHODS
Wnts
Wnt-3a and Wnt-5a recombinant proteins were purchased from R&D
Systems (Minneapolis, MN) and used in cell cultures at a final
concentration of 200 ng ml 1. Wnt-10b and Wnt-11 were prepared
from Wnt-10b- and Wnt-11-secreting COS cell lines, respectively,
which were established by introducing their cDNA genes, as
previously reported (Ouji et al., 2006b, 2008). Briefly, Wnt-10b-
and Wnt-11-expressing COS cells were separately seeded into 10-cm
dishes, then cultured in Epilife serum-free culture medium (KURABO,
Osaka, Japan). After 48 hours, the supernatants were collected and
filtrated using a 0.22-mm filter membrane. We confirmed that the
biofunctional activities of these Wnt proteins were as previously
described (Ouji et al., 2006b, 2008), then used them as recombinant
Wnt-10b and Wnt-11 for the assays.
Mice
Inbred 8-week-old female C3H/HeN and BALB/c nude (nu/nu) mice
were purchased from Japan SLC (Hamamatsu, Japan) and housed in
group cages at the animal facilities of Nara Medical University. Eight-
week-old adult and postnatal day (PD) 2 C3H/HeN mice were used
for preparation of EpSCs and dermal fibroblasts, respectively. BALB/c
nude mice were used for the hair reconstitution experiment. All
animal experiments including the surgical steps were performed in
accordance with the guidelines of and after receiving approval from
Nara Medical University.
Preparation of EpSCs and sequential cell cultures
Adult C3H/HeN mouse whole skin epithelial cells were isolated from
dorsal skin areas, as previously reported (Ouji et al., 2006a), and
termed adult MPSECs. FACS-collected CD49fþCD34þ cells from
MPSECs were suspended in Epilife serum-free culture medium. The
antibodies used for FACS analysis were anti-a6 integrin (CD49f) or rat
IgG2a isotype (control) directly coupled to PE (R&D systems)
and anti-CD34 (AbD Serotec, Oxford, UK) or rat IgG2a isotype
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(control; eBioscience, San Diego, CA) coupled to FITC. CD49fþ
CD34þ cells were sorted and used for the secondary 10-day culture
in the presence of Wnt-3a. By repeating the procedure of
CD49fþCD34þ cell sorting on day 10 and subsequent passage to
the next 10-day culture with Wnt-3a, sequential cultures were
performed up to the 15th culture. This protocol is detailed in
Supplementary Materials and Methods.
Cell proliferation assay
EpSCs were collected in Epilife serum-free culture medium by FACS
and then plated at a density of 500 cells per well in six-well plates
and cultured with or without Wnt proteins. After 10 days, cell
numbers were determined using the trypan blue exclusion method.
Reverse transcriptase–PCR, immunocytochemistry, Ayoub Shklar
staining, immunohistochemistry, microarray, ELISPOT assays
All experiments were performed as previously described (Ouji et al.,
2006b,c). All assay protocols are detailed in Supplementary Materials
and Methods.
TOPFLASH assay
Involvement of the canonical Wnt signaling pathway was examined
by reporter assays. Two reporter plasmids, pTOPFLASH and pFOP-
FLASH, were kindly supplied by Dr B. Vogelstein (Korinek et al.,
1997). EpSCs were collected by FACS and transfected with reporter
plasmids using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). After
4 hours, cell culture medium was removed and replaced with
medium with or without Wnt proteins and/or the anti-Dkk-1
antibody (200 ng ml 1, R&D systems), utilized as a neutralizing
antibody. After 48 hours of incubation, the cells were lysed and
luciferase activity was quantified using a luciferase reporter assay kit
(Clontech, Worcester, MA), as recommended by the manufacturer,
and normalized using the b-gal level as an internal control.
Hair reconstitution experiment
A hair reconstitution experiment was performed as previously
described by J. Kishimoto et al. (2000), with minor modifications
(Ouji et al., 2006a). EpSCs cultured with or without Wnt proteins
were used as epidermal keratinocytes. For isolation of the dermal
population, skin samples were obtained from the dorsal areas of C3H/
HeN newborn (day 2) mice and treated with 500 U ml 1 dispase at
4 1C overnight. The dermis was detached from the epidermis and
incubated for 1 hour at 37 1C in 0.25% collagenase. The cells were
centrifuged and resuspended in PBS, and then the tubes were allowed
to stand for 20 minutes. Cells in supernatant were collected and
filtered using a 40-mm cell strainer. Single cells in solution were
collected and washed three times with PBS, then immediately used as
dermal fibroblasts for transplantation. This dermal fibroblast fraction
contained unavoidable contamination by non-dermal cells such as
melanocytes. A mixture solution containing EpSCs (2.5 107 per ml)
and fibroblasts (2.5 107 per ml) was used for transplantation into
BALB/c nude mice (n¼ 3 each for cultured EpSCs with or without
Wnt proteins). After removing the skin, silicon transplantation
chambers were implanted into the dorsal site of BALB/c nude mice
and a 200-ml mixture was injected into each of the chambers. One
week after transplantation, the roof of the chamber was cutoff to
facilitate drying of the injured site and the chamber was removed 2
weeks after transplantation. Three weeks after removing the
chambers, skin tissues were harvested, embedded in OCT com-
pound, and stained with hematoxylin-eosin, and then hair follicle
formation in the reconstituted skin was assessed.
Statistical analysis
Data are expressed as the mean±SD of five independent experi-
ments. Statistical significance was tested using Student’s t-test.
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